Herein we describe soft nanotubes that exhibit two continuous macroscale phases, a hydrogel and a liquid crystal, depending on the concentration of a lectin analyte. We investigated how the length of the ethylene glycol chains that anchor the lectin-recognition sites to the outer surface of the nanotubes affected the efficacy of this method for qualitative and quantitative naked-eye detection of the lectin.
Concanavalin A (Con A), which has high affinities for mannose and glucose, was selected as the target lectin. As previously reported, 5 self-assembly of amphiphiles 1 produces molecular monolayer nanotubes (hereafter referred to as 1-nanotubes) with an inner diameter of 8 nm, a wall thickness of 3 nm, and a length of up to several micrometers. The 1-nanotubes do not recognize Con A (as described later), even though their outer surface is covered with the glucose headgroups of 1.
We newly synthesized glucose derivatives GlcEG n (n = 1, 3, and 5) as recognition sites for Con A (Fig. 1 , Scheme S1, ESI) and selectively located them on the outer surface of the nanotubes by means of a two-step self-assembly process. First, binary selfassembly of 1 and a triglycine derivative (TGly) was carried out as follows: A mixture of 1 (1.0 mg, 1.8 µmol) and TGly (43.2 µg, 0.20 µmol) was dispersed in pure water (1 ml) under reflux conditions, and then the hot solution was gradually cooled to room temperature. Transmission electron microscopy (TEM) revealed that the binary self-assembly process gave nanotubes (hereafter referred to as 2-nanotubes) that were similar to the 1-nanotubes in terms of the inner diameter, wall thickness, and length (Fig. S1, ESI) . The differential scanning calorimetry profile of the 2-nanotube had single endothermic peak corresponding to a thermal phase transition of the monolayer membrane (Fig. S2, ESI) , supporting the conclusion that the 2-nanotube is composed of both 1 and TGly, even though the common molecular part is the triglycine moiety. The lowering of the thermal phase-transition temperature (T g-l = 52 o C) of the 2-nanotubes in water comparing with that (T g-l = 67 o C) of the 1-nanotube is ascribable to void spaces in the molecular packing due to the fact that TGly lacks the long alkyl chain and the glucose headgroup of 1.
In the second step of the self-assembly process, 2-nanotubes (1 = 1.8 µmol, TGly = 0.20 µmol) were heated with GlcEG n (0.20 µmol) at around the T g-l temperature of the 2-nanotubes (52 °C) in water (1 ml). After the heating process, we confirmed neither morphological changes nor the formation of other structures by transmittance electron microscopic (TEM) observations (Fig. 2a, Fig. S1 , ESI), although the GlcEG n molecules themselves self-assembled in water to form helical nanofibers with a uniform 10-nm width (Fig. S3 , ESI). The T g-l value of the nanotubes formed from 1, TGly, and GlcEG n (hereafter referred to as GlcEG n -nanotubes) was 65−67 °C, which suggests that GlcEG n molecules filled the void spaces within the molecular packing structure of the 2-nanotubes ( Fig. S2 , ESI). IR spectroscopy supported the molecular packing of 1, TGly, and GlcEG n in the GlcEG n -nanotubes, in which TGly forms polyglycine-II-type hydrogen bond network 5 with the trigylcine moiety of 1, and GlcEG n never disorder the lateral chain packing of the oligomethylene spacer of 1 assignable to a triclinic parallel type Table S1 , ESI). All the results indicate that the glucose moiety bonded to the ethylene glycol chain in GlcEG n was located only on the outer surface of the nanotubes (Fig. 1) .
The three types of GlcEG n -nanotubes, which had high axial ratios (>300, axial ratio = length/outer diameter), and the 1-nanotubes form clear dispersions in water (1.1−1.2 mg/1 ml) at pH 7.6 ( Fig. 3) . The good dispersibility of these nanotubes was due both to the hydrophilicity of the glucose headgroups of 1 on the outer surface and to the negative zeta potentials of the nanotubes at pH 6−8 ( Fig. S5, ESI) , resulting from adsorption of OH -groups on the glucose headgroups of 1. 6 We also confirmed that nonspecific adsorption of Con A on the nanotubes is negligible, owing to electrostatic repulsion between the nanotubes and Con A, which is negatively charged at pH 7.6 (isoelectronic point, pI = 6.3).
Upon addition of Con A (5−100 nmol), the aqueous dispersion of 1-nanotubes (1.0 mg/ml, 1 = 1.8 µmol) remained clear (Fig. 3a) , whereas the appearance of the GlcEG n -nanotube dispersions (1.1−1.2 mg/ml, 1 = 1.8 µmol, TGly and GlcEG n = 0.2 µmol) showed various changes depending on the value of n (Fig. 3b-d) . The clear aqueous dispersion of 1-nanotubes and Con A was filtered through a 0.2-µm-pore-size membrane. UV-vis and IR spectroscopic measurements showed that the recovered 1-nanotubes contained no Con A, indicating that the glucose headgroups of 1 on the outer surface of the 1-nanotubes do not bind Con A. Sato et al. reported that a 100%-density maltoside monolayer self-assembled on a gold substrate is unsuitable for Con A detection, whereas a 10%-density maltoside surface can effectively detect Con A.
7 Dense molecular packing of 1 within the monolayer membrane of the 1-nanotubes likely prohibited Con A from accessing and binding to the glucose headgroups. For the same reason, the binding ability of the glucose headgroups of 1 in the GlcEG n -nanotubes must also be very poor.
In contrast, the GlcEG n molecules anchored to the outer surface of the GlcEG n -nanotubes were able to function as binding sites for Con A. Association constants β (M -1 ) for the interactions between the GlcEG 1 -, GlcEG 2 -, and GlcEG 3 -nanotubes and Con A were calculated to be 5.9 × 10 2 , 1.9 × 10 3 , and 1.2 × 10 3 , respectively (Fig.  S6, ESI) , and these values are comparable to that (8.0 × 10 2 ) for the association between glucose and Con A. 8 The smaller β value of the GlcEG 1 -nanotube is attributable to the restricted flexibility of the glucose moiety resulting from the short ethylene glycol chain in GlcEG 1 .
The appearance of the GlcEG 3 -nanotube dispersion was remarkably influenced by the Con A concentration. Upon addition of Con A at a relatively high concentration, the GlcEG 3 -nanotube dispersion quickly transformed to a hydrogel (Fig. 3c , Con A = 80 nmol). Scanning electron microscopy (SEM) observation of the lyophilized hydrogel (xerogel) showed a network of GlcEG 3 -nanotubes (Fig. 2b) . Because Con A has four affinity pockets for glucose, it acted as a cross-linker and promoted formation of the GlcEG 3 -nanotube network. At a relatively low concentration of Con A, the GlcEG 3 -nanotube dispersion showed bluish color owing to Rayleigh scattering (Fig. 3c , Con A = 20 nmol). Birefringence was observed under crossed polarizers, indicating a lyotropic liquid crystal formation. SEM and TEM observations of the liquid crystal in the dry state revealed side-by-side alignment of the GlcEG 3 -nanotubes (Fig. 2c,d and Fig. S7, ESI) , which is obviously different from the random orientation of the GlcEG n -nanotubes in dispersions without Con A and the network structure of the GlcEG 3 -nanotube hydrogels with Con A. These results suggest that GlcEG 3 -nanotubes form a nematic liquid crystal (Fig. 3c,e) . Electrostatic repulsion among phospholipid nanotubes or bipolar-lipid nanotubes is reported to be an important factor for the formation of nematic liquid crystals. 4a,9 The zeta potential of the GlcEG 3 -nanotubes was estimated to be about -53 mV at pH 7.6 (Fig. S5, ESI) . Because Con A is negatively charged at pH 7.6, even the complexed Con A, which acts as the cross linker and locates at the interface of the GlcEG 3 -nanotubes, did not disturb the electrostatic repulsion among the GlcEG 3 -nanotubes. At pH 6, the GlcEG 3 -nanotube dispersion failed to form liquid crystals and instead became turbid in the presence of Con A (which is positively charged at pH 6.0) owing to aggregation of the GlcEG 3 -nanotubes caused by nonspecific adsorption of Con A (Fig. S8, ESI) . The GlcEG 5 -nanotubes also formed a hydrogel at a relatively high Con A concentration (Fig. 3d , Con A = 80 nmol). In contrast, the dispersion scarcely responded to a relatively low concentration of Con A (Fig. 3d , Con A = 20 nmol), even though GlcEG 5 did form a complex with Con A; the higher flexibility of the long ethylene glycol chain in GlcEG 5 will prevent side-by-side alignment of the GlcEG 5 -nanotubes (Fig. S9, ESI) . The complexation of the GlcEG 1 -nanotubes with Con A decreased the dispersibility of the nanotubes, and precipitates composed of the nanotubes and Con A formed (Fig.  3b) . The length of the ethylene glycol unit in GlcEG 1 was insufficient for maintaining the dispersibility of the GlcEG 1 -nanotubes complexed with Con A.
For naked-eye detection of Con A, the GlcEG 3 -nanotube showed two-step responsiveness, that is, liquid crystal formation and hydrogel formation, depending on the concentration of Con A; in contrast, the GlcEG 1 -nanotube and GlcEG 5 -nanotube showed onestep responsiveness with precipitate formation and hydrogel formation, respectively (Fig. 3f) . Therefore, the GlcEG 3 -nanotube was superior to the other GlcEG n -nanotubes in that it permitted semiquantitative detection of Con A.
The turbid hydrogel that was formed by complexation of the GlcEG 3 -nanotubes with Con A broke down to a liquid crystal phase and then to a transparent solution in response to saccharides. The responsiveness and selectivity remarkably reflected the order of the association constants β (M -1 ) for the interaction between the saccharides and Con A (Fig. 4) : mannose (2.2 × 10 3 ) > glucose (8.0 × 10 2 ) >> galactose (which does not bind with Con A). 8 In conclusion, we constructed soft nanotubes bearing recognition sites immobilized on the surface through ethylene glycol chains; the soft nanotubes organized hierarchically into a liquid crystal or a hydrogel depending on the concentration of the target analyte, Con A. Such a naked-eye detection system using two continuous macroscale changes has never been reported for conventional supramolecular hydrogels, which are capable of only one macroscale change (the sol-gel transition). Because soft nanotubes can be modified with recognition sites suitable for various target analytes, the system reported herein should open the way to the development not only of methods for on-site analysis and quick diagnosis without analytical instruments but also of analytical devices based on soft nanotube arrays. 3, 10 This work was partly supported by Grant-in-Aid for Scientific Research no. 26410107 from the Ministry of Education, Culture, Sports, Science and Technology of Japan.
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